Abstract: The frequency weighting for assessing hand-transmitted vibration exposure is critical to obtaining a true dose-response relationship. Any valid weighting must have a solid theoretical foundation. The objectives of this study are to examine the biodynamic foundation for assessing the vibration exposure and to develop a set of biodynamic methods to formulate the frequency weightings for different anatomical locations of the fingers-hand-arm system. The vibration transmissibility measured on the fingers, hand, wrist, elbow, shoulder, and head was used to define the transmitted acceleration-based (TAB) frequency weighting. The apparent masses measured at the fingers and the palm of the hand were used to construct the biodynamic force-based (BFB) weightings. These weightings were compared with the ISO weighting specified in ISO 5349-1 (2001). The results of this study suggest that the frequency weightings for the vibration-induced problems at different anatomical locations of the hand-arm system can be basically divided into three groups: (a) the weighting for the fingers and hand, (b) the weighting for the wrist, elbow, and shoulder, and (c) the weighting for the head. The ISO weighting is highly correlated with the weighting for the second group but not with the first and third groups. The TAB and BFB finger weightings are quite different at frequencies lower than 100 Hz, but they show similar trends at higher frequencies. Both TAB and BFB finger weightings at frequencies higher than 20 Hz are greater than the ISO weighting.
Introduction
It is common knowledge that the same magnitude of vibration at different frequencies may cause different physical sensations and health effects. The normalized parameter or coefficient that can be used to represent an effect as a function of the frequency is conventionally termed 'frequency weighting'. Various effects such as vascular disorders, neurological disorders, joint disorders, and muscle injuries at different anatomical locations of the hand-arm system may have different frequency dependencies. Hence, a single frequency weighting may not be sufficient for representing a multitude of discomfort and health effects 1) . Although many studies have examined frequency dependencies, the exact form of the dependence for each component of handarm vibration syndrome (HAVS) [2] [3] [4] has not been sufficiently understood. Consequently, the frequency weighting for assessing the severity of the hand-transmitted vibration (HTV) exposure remains one of the most important issues needing further study.
The frequency weighting specified in the current International Standard ISO 5349 (2001) 4) is based on the results of subjective sensation studies 5, 6) . This weighting has no epidemiological, pathological, or physiological base for predicting the best known and unique HAVS component: vibration-induced white finger (VWF) 2) . Although this weighting may provide a good assessment of vibrationinduced discomfort 7) , it may not be an optimum weighting for vibration-induced white finger. Although the results of a few epidemiological studies are consistent with this weighting 8, 9) , many other studies do not support its predictions [10] [11] [12] [13] [14] [15] [16] . Therefore, further study is required to define the optimum frequency weightings for different components of HAVS so that a better overall weighting profile can be established to effectively assess the risks associated with HTV exposure.
The theoretical foundations for the development of the frequency weightings can be broadly classified into four categories 17) : (i) psycho-physical studies of subjective sensation; (ii) epidemiological studies; (iii) studies of the frequency dependencies of pathological and physiological effects of the vibration exposure; and (iv) studies of the biodynamics of the fingers-hand-arm system. Although subjective sensation can provide an indication of overall level of discomfort, it is questionable whether it is appropriate to use such information to determine different weightings for the various HAVS components at assorted locations. A substantial amount of data is required from different cases and conditions to create the reliable frequency weightings based on the results of pathological, physiological, and epidemiological studies. Thus, these approaches represent very significant investments and are expensive, timeconsuming, and technically difficult. Data from various worker populations obtained at different workplaces may not be directly comparable. These issues and limitations can be partially avoided if frequency weightings initially are developed by studying the biodynamics using wellcontrolled laboratory experiments and modeling methods. Then, the preliminary weightings can be tested and improved using pathological, physiological, and epidemiological studies.
Following this strategy, the specific aims of this study are (i) to examine the theoretical foundation of the biodynamic approach, (ii) to develop methodologies for formulating the preliminary frequency weightings based on the biodynamics of the fingers-hand-arm system, and (iii) to conduct a preliminary evaluation of the proposed weighting methods.
Vibration Measures
Vibration is oscillating motion. It can be described using displacement, velocity, and acceleration. In fact, the very first set of HTV exposure limits was defined in terms of vibration displacement 5) . In the current ISO 5349-1 (2001) 4) , the effect of HTV exposure is assumed to be approximately proportional to the vibration velocity at frequencies higher than 16 Hz. However, the acceleration measured on a vibrating surface or a powered hand tool is almost exclusively used as a basis to quantify the HTV exposure for risk assessment. There are two very good reasons for this. First, the measurement of acceleration is well developed and, when performed appropriately, is reliable. Second, acceleration is directly related to the dynamic force acting on the fingershand-arm system, which likely plays an important role for the development of HAVS. Therefore, it is very reasonable to establish future frequency weightings with respect to the acceleration measured on the tool or vibrating surface.
However, the acceleration measured on the tool represents only the hazard at the vibration source. Without a hand coupled to a tool, no relationship between the acceleration and any vibration-induced disorder can be established. This suggests that the biodynamic response of the hand-arm system may also be important to both the understanding of the mechanisms of HAVS and the establishment of the frequency weightings with respect to the acceleration measured at the input point.
The forces associated with the transmission of vibration from the tool to the hand are the interaction forces acting at the hand-tool interface, which are conventionally termed 'biodynamic forces'. The internal dynamic forces associated with the further transmission of vibration from the interface to other anatomical locations of the hand-arm system are termed 'biodynamic stresses'. The stresses cause motion and deformation of the tissues, which can be in the forms of extension, compression, or change of the tissue's shape. The stresses and deformations may be directly associated with injuries to the microstructures and cells of tissues, disturbances of their normal communication and functions, reductions of blood circulation, and/or stimulations or releases of adverse biological agents. The tissues, especially the soft tissues of hand-arm system, have significant damping properties, which result in vibration energy absorption [18] [19] [20] [21] . Although the exact processes of the vibration-induced injuries and disorders are not sufficiently known, and further studies are required to understand them, the vibration-induced stresses and deformations are likely among the essential stimuli that directly act on the tissues and cells and cause the development of the disorders. Hence, these internal biodynamic parameters are the most desired vibration measures 21) . To date, however, a reliable experimental means of directly measuring these parameters has not been developed. Although it has been feasible to estimate these mechanical stimuli using the finite element (FE) method 22) , it remains a formidable research task to quantify them using the modeling approach.
It is common knowledge that the internal dynamic stress and deformation are directly related to the dynamic force Industrial Health 2005, 43, 516-526 acting on the interface. Hence, the biodynamic force that can be measured at the interface may be used as an alternative vibration measure. Probably because it is very difficult to measure the biodynamic force at workplaces, few studies have seriously investigated it 23) . The current study used an indirect method to determine the biodynamic force 23) , and then used it to derive the frequency weighting.
The total power absorption of the entire hand-arm system has also been used as a measure to quantify the vibration exposure [18] [19] [20] [21] . A preliminary study of the frequency weighting derived from this measure has been reported 24) . Because the power absorption is proportional to the square of acceleration 25) , the root of the power absorption was considered as a measure to determine the power-based frequency weighting 24) . Surprisingly, the power absorption-based (PAB) weighting at the very low frequencies (< 8 Hz) on the z h -axis is much greater than the ISO weighting 4) but the PAB weighting is much lower at frequencies higher than 12.5 Hz. Such a weighting would unlikely provide a better prediction than the ISO weighting because many studies suggest that the ISO weighting generally overestimates the low frequency effects but underestimates the high frequency effects [10] [11] [12] [13] [14] [15] [16] . While future studies may be required to clarify this issue, the power absorption approach was not used in this study.
The acceleration at an anatomical location on the system can approximately represent the local inertial force at that location. It is speculated that there is a relationship between transmitted acceleration and the internal stress, deformation, and power absorption density. Hence, the transmitted acceleration that can be measured on the surface of the system may also be used as an alternative vibration measure. One study has proposed the use of vibration transmissibility measured at the wrist for wrist risk assessment 26) . Another study has proposed the general use of transmissibility measured at specific anatomical locations of the system as a frequency weighting for assessing the relationship between exposure and HAVS components at those locations 25) . This transmissibility-based method is further elaborated and evaluated in this study.
Frequency Weighting Method Based on Transmitted Acceleration

Vibration transmissibility
The vibration transmission is usually quantified by the transmissibility, which is conventionally defined as follows 27) :
where T Ri is the transmissibility at the i th point on the fingershand-arm system, A Hi is the transmitted acceleration at that point, A Tool is the acceleration at the interface between hand and tool or vibrating surface.
Definitions of transmitted acceleration-based (TAB) frequency weighting
The transmitted acceleration-based (TAB) frequency weighting is defined as follows:
where W TABi is the TAB weighting for the i th anatomical location of the fingers-hand-arm system, and k is the sequence number of the frequency. The system, in terms of the locations of the HAVS components, may be approximately divided into fingers, hand, wrist, elbow, shoulder, neck, and head. Practically, the TAB weighting for each location can be taken as the transmissibility that is measured at a representative point of each anatomical location or the average transmissibility of the data measured at several representative points at each location.
Because transmissibility values in different exposure directions may be different, the TAB weightings may also be defined in terms of the vibration exposure direction. The current ISO standard recommends the use of total vibration (root-sum-of-squares of the three orthogonal component values) 4) . As an option that is consistent with the standard, a total weighting is defined as
where W ti_t is the TAB weighting for total vibration, A i_x , A i_y , and A i_z are the acceleration components measured at a location on the fingers-hand-arm system in three orthogonal directions, A tool_x , A tool_y , and A tool_z are the acceleration components measured on a tool where the hand is in contact with the vibrating surface, and α, β, and γ are the orientation weighting factors for the x, y, and z directions, respectively. Because there is little information available on the impact of variation in orientation upon health effects, it is difficult to determine the orientation weighting factors. As used in the current ISO standard 4) , the vibration in each direction is considered equally important. Furthermore, it may be more convenient to use the exposure direction as an additional factor in the risk analysis than to incorporate the orientation effect in the total frequency weighting. Hence, the orientation weighting factors are taken as unity in this study and the total weighting is simplified as follows:
One additional benefit of the total weighting method is that it can take into account the cross-axis effects that may be observed on the system. If the cross-axis effects are secondary or not significant, the total weighting can be estimated using the single axis transmissibility from the following formula:
where T Ri_x , T Ri_y , and T Ri_z are the transmissibility functions in the three orthogonal directions measured in a single axis excitation. The formula makes it possible to use the available transmissibility data to estimate the total TAB weighting.
Examples of TAB frequency weightings
Several examples of the TAB weightings derived from reported transmissibility values measured on the fingers and hand 28) are shown in Fig. 1 , together with the ISO frequency weighting 4) . Because changing the grip force level from 10 to 40 N only marginally changes the transmissibility values 28) and a full set of the data measured under 10 N are available, the TAB weightings presented in Fig. 1 were derived from the data measured under 10 N grip force. The TAB weighting based on the transmissibility at the fingertip remains high up to 630 Hz. The resonance of the fingers is between 63 and 160 Hz 28) , which is reflected in the weightings derived from the transmissibility data measured on the phalanxes and the third metacarpal. At frequencies higher than 200 Hz, the weightings decrease significantly with the increase in frequency. Figure 1 also shows that the TAB weighting more closely approximates the ISO weighting as the vibration measurement point moves closer to the wrist. This is further confirmed from another set of data presented in Fig. 2 , in which the TAB weightings were derived from the transmissibility data measured at the wrist, elbow, and shoulder in three orthogonal directions 29) . The wrist TAB weightings follow the ISO weighting fairly well in a large frequency range. The weightings shown in this figure clearly indicate that the weightings are exposure direction-specific.
Examples of the weightings derived from the total vibration transmissibility estimated using Eq. (5), together with the weighting derived from transmissibility measured on the head 30) , are presented in Fig. 3 . In this case, the wrist weighting closely approximates the ISO weighting up to 160 Hz, which covers the dominant frequencies of many powered hand tools. Although the weighting at the elbow in the horizontal direction is very similar to that at the wrist (see Fig. 2 ), the weightings at the elbow in the other directions are generally less than those at the wrist. Hence, the total weighting at the elbow is generally less than that at the wrist, as shown in Fig. 3 . Because the shoulder and head are farther away from the vibration source, the weightings at those locations are further reduced at each frequency.
To determine the independency among the frequency weightings in practical applications, a series of correlation analyses of the weighted acceleration values calculated using different frequency weightings were performed. For the purpose of this study, a group of 20 different tool vibration spectra reported from a previous study 31) were used. Table  1 lists the comparisons of the correlation coefficients (rvalues) for each pair of the acceleration root-mean-square (rms) values calculated using the ISO weighting 4) , the unit weighting (for unweighted acceleration), and the TAB weightings for six anatomical locations on the fingers-handarm system. The TAB finger weighting used in the calculation was the average weighting of those for the fingertip, middle phalanx, proximal phalanx, and the third metacarpal shown in Fig. 1 . The TAB weighting for the back of the hand was the same as shown in Fig. 1 . The TAB weightings for wrist, elbow, shoulder, and head used in the calculation were those shown in Fig. 3 .
Because the ISO-weighted acceleration and the unweighted (or unit weighted) acceleration are poorly correlated 31) , they can be considered independent measures 25) . However, as shown in Table 1 , the unweighted acceleration is highly correlated with the acceleration values on the fingers and the back of the hand (r ≥ 0.946) but it is poorly correlated with the acceleration values at other locations. The correlations between the ISO-weighted acceleration and the transmitted accelerations on the fingers and the back of the hand (r ≤ 0.613) are much lower than those between ISOweighted acceleration and the transmitted accelerations at the wrist, elbow, and shoulder (r ≥ 0.932). The ISO-weighted acceleration also shows some correlation with the head TABweighted acceleration (r = 0.801) but the correlation is not as strong as those for the arm accelerations.
Frequency Weighting Method Based on Biodynamic Force
Biodynamic response
The biodynamic force can be estimated from a biodynamic response parameter and the tool acceleration spectrum 23) . The biodynamic response parameters are conventionally defined as A group of 20 tool vibration spectra reported by Griffin 31) were used in the calculation of the rms values for the correlation analyses. where AM, MI, AS, and PT are apparent mass, mechanical impedance, apparent stiffness, and power transmission, respectively, and F d , A Tool , V Tool , and D Tool are the biodynamic force, acceleration, velocity, and displacement at the handtool interface or the vibrating surface, respectively. The four biodynamic response parameters in Eq.(6) represent different physical properties (mass, damping, stiffness, and power transmission) of the system. Each of the parameters, however, can be derived from another. For example, if the apparent mass is directly measured, the other parameters can be calculated using the following formula: where ω is vibration frequency in Rad/s and j = -1.
Many sets of data on the mechanical impedance of the hand-arm system have been reported 27) . An ISO standard based on some of these MI data has also been established 32) . These data, however, are based on the entire hand-arm system. With these data, the biodynamic effects on the fingers and the rest of the system cannot be differentiated. Our recent study on the response has made the differentiation possible 33) by measuring the biodynamic responses at the fingers and palm of the hand separately.
Definitions of biodynamic force-based (BFB) frequency weightings
As Eq. (7) dictates, the driving-point response parameters are not independent of each other. A single parameter may be sufficient to represent the biodynamic response and derive the frequency weighting. According to Eq.(6), the biodynamic force is linearly related to the apparent mass and source acceleration. Hence, the AM is an ideal frequency weighting factor with respect to the acceleration. Because the weighting must be non-dimensional, the AM values must be normalized to a reference mass value. As a result, the weighting is defined as follows: 
Examples of BFB frequency weightings
The weightings that can be derived from the biodynamic response are currently limited to the driving point response. Four sets of apparent mass functions measured at the fingers and the palm of the hand obtained in a previous study 33) are used in this study and they are plotted in Fig. 4 . They were measured under two hand-handle coupling actions (50 N grip-only and combined 50 N grip and 50 N push). Although the apparent mass measured at the fingers at frequencies less than 100 Hz is much less than that at the palm, their values at higher frequencies are fairly comparable. Different coupling actions also resulted in different responses. As also shown in Fig. 4 , the system's fundamental resonant frequency was in the range of 16 to 40 Hz. The finger resonant peak is not obvious, but the resonant effect makes the finger apparent mass remain at a fairly constant level from 100 Hz to 250 Hz. Because the fingers-applied force on the handle was the same (50 N) in both types of actions, the mass responses at frequencies equal to and higher than 100 Hz are practically the same for both actions 33) . Figure 5(a) shows the finger apparent mass-based weightings calculated from Eq.(8) using the data shown in Fig. 4 . The maximum value of the finger apparent mass under the combined grip and push was used as the reference mass in the calculation. At frequencies lower than 16 Hz, the BFB finger weightings are very similar to the ISO weighting. At higher frequencies, however, the ISO weighting is lower than the BFB weightings. The differences become larger at frequencies equal to and higher than 100 Hz. At frequencies higher than 250 Hz, the reduction rates of the BFB and ISO weightings are very similar to each other. Figure 5 (b) shows the palm BFB weightings. In this case, the maximum value of the palm AM under the combined grip and push was used as the reference mass in the calculation. The peak value of the palm BFB weighting is at a higher frequency (25 Hz) As mentioned above, at frequencies equal to and higher than 100 Hz, the finger response is practically independent of that of the rest of the hand-arm system. The finger inertial force due to the finger acceleration should be closely associated with the finger dynamic force measured at the finger-tool interface. To test this hypothesis, the BFB weighting was derived by normalizing the AM values to that at 100 Hz (or AM ref = AM 100 Hz ) using Eq. (8) . It was compared with the finger TAB weighting, which was the average value of the weightings for fingertip, middle and proximal phalanxes, and the third metacarpal shown in Fig.  1 . The comparison is shown in Fig. 6 . As expected, the basic shapes of these two weighting curves at frequencies higher than 100 Hz are very similar, although the applied forces were quite different. As expected, the 10 N grip force corresponds to a lower resonance than the 50 N grip.
The same correlation analysis method for evaluating the transmissibility weightings was also used to evaluate the independency of the BFB weightings. The results are presented in Table 2 . In this case, the BFB finger weighting derived from the finger AM under the combined grip and push is correlated to both the ISO-weighted and unweighted accelerations at similar levels (r ≥ 0.770). The correlations between the finger grip and palm grip and between the palm grip and combined grip and push are strong (r ≥ 0.951). The other BFB-weighted accelerations are reasonably correlated to each other and the ISO-weighted acceleration (r ≥ 0.805). These observations suggest that the BFB finger weightings are between the ISO weighting and the unit weighting. 
Discussion
Although the biodynamics of the fingers-hand-arm system represent important theoretical foundations for the measurement, evaluation, and risk assessment of handtransmitted vibration exposure, the frequency weightings based on biodynamics have not been seriously studied. In this study, the theoretical basis of the biodynamics-based frequency weighting was examined and a set of preliminary frequency weightings based on this foundation were proposed.
Evidence supporting the TAB and BFB weighting methods
A recent study 34) indicated that the unweighted acceleration was better than the ISO-weighted acceleration for the assessment of the vibration-induced white finger. Because the major vibration components of most powered hand tools are equal to or less than 250 Hz 31) , the finger TAB-weighted acceleration is highly correlated to the unweighted acceleration, as presented in Table 1 . Hence, it is anticipated that the TAB finger weighting is better than the ISO weighting for finger risk assessment.
Many studies have indicated that the ISO weighting method underestimates the effects of high frequency components on the disorders in the fingers and hand 10-16, 35, 36) . As shown in Fig. 1 , the TAB finger weighting has a much higher value than the ISO weighting at frequencies higher than 20 Hz. As shown in Fig. 5(a) , the BFB finger weighting also has a higher value than the ISO weighting in this frequency range. Hence, it is also anticipated that the TAB and BFB finger weightings can provide better predictions of vibrationinduced white finger than the ISO weighting at high frequencies.
The TAB weighting for the fingers (Fig. 6) indicates that the biodynamic effect in the frequency range of 63 to 200 is higher than those in the lower and higher frequency ranges.
This trend seems consistent with the results of several epidemiological, physiological, and pathological studies. For example, a frequency weighting derived from a set of epidemiological data revealed that the high weighting factors are at frequencies greater than 50 Hz 35) . This suggests that the ISO weighting not only underestimates the high frequency effect but also overestimates the low frequency effect. The frequency dependency of the temporary threshold shift of the vibration sense at the fingertip suggests that the relative high value of the acute neurological effect is in the range of 63 to 500 Hz, with a peak effect at 100-250 Hz 37, 38) . Vascular studies also found that the relatively stronger vibration effect on the digital blood flow was in the middle frequency range (30 to 500 Hz), with the strongest effect at 125 Hz 24, 39) . The weighted accelerations calculated using the wrist, elbow, and shoulder TAB weightings and the palm BFB weighting are highly correlated to the ISO weighted acceleration. This suggests that the ISO weighting may be acceptable for assessing the vibration-induced problems in these anatomical locations. A study reported that there was a relationship between the ISO-weighted acceleration and the incidence of the wrist disorders 40) . This supports the wrist TAB and the palm BFB weightings proposed in this study.
Although there are still some large differences between the biodynamics-based weightings and the frequency dependencies of the physiological, pathological, and epidemiological effects, the agreements in the abovementioned aspects suggests that the biodynamics of the system may have a strong linkage to the health effects.
Influencing factors
Many factors such as coupling force, coupling type (grip, push, pull, and their combinations), vibration magnitude, handle geometry, and individual differences could affect transmissibility and apparent mass 27) , and thus the TAB and The same group of spectra 31) as those used in Table 1 were also used in the calculation.
BFB weightings. Examples of the TAB and BFB weightings presented in this paper may represent only a portion of the possible cases. Further studies are required to obtain more data for determining the possible range of the weighting variation. However, the presented examples may represent the fundamental distribution characteristics of the weightings at the different anatomical locations of the system.
The relationships between TAB and BFB weightings
Without a vibrating force input to the fingers and hand, it is impossible to have a distributed acceleration on the system. The TAB weighting method is actually based on the distributed inertial force due to acceleration, but the BFB is based on the biodynamic force response. Therefore, they emphasize two different-but-related aspects of the same response. This explains why the weightings derived from these two methods are very similar in some cases. For example, the wrist TAB weighting is very similar to the palm BFB weighting; hence, the accelerations calculated from both weightings are highly correlated with the ISO-weighted acceleration (r ≥ 0.919), as shown in Tables 1 and 2 .
Because the TAB emphasizes the distributed effect but the BFB emphasizes the overall effect, these two weightings also have some significant differences. The average transmissibility values measured on the fingertip, the phalanxes, and the third metacarpal may represent the general exposure level of the fingers. It may be reasonable, therefore, to use their average value as a general TAB weighting for the fingers. Because the BFB finger weighting is derived from the overall mass response of the fingers, TAB and BFB weightings should have a strong relationship. However, their trends are significantly different at frequencies lower than 100 Hz, as shown in Fig. 6 . This is because at frequencies lower than 100 Hz, the dynamic force acting on the fingers is partially transmitted to the other parts of the system through the bones and joints inside the fingers, hand, and arm. The BFB weighting thus represents both local and global responses in this frequency range, whereas the TAB is principally based on the local tissue acceleration. At higher frequencies, the finger response is practically independent of the rest of the system, and the global response can be ignored. This is why the BFB and TAB weightings were similar at high frequencies, as also shown in Fig. 6 .
Major topics for future studies
A major assumption made in this study was that biodynamic force components of the same magnitude are equally important at different frequencies. This may not hold true. Unfortunately, the frequency dependency of any medical effect on the biodynamic force has not been established. Without any knowledge of their relationships, as an initial trial, it may be reasonable to use this 'equal effect' assumption. When information on the dynamic forceeffect relationship becomes available, the biodynamics-based weightings can be improved.
The BFB weightings are currently limited to one direction (along the forearm direction). The reported data may not be sufficient to represent the general population of workers using powered hand tools. The reported data should also be further confirmed or verified. Many factors could affect the BFB and TAB weightings, and they have not been sufficiently investigated. Both the BFB and TAB weightings may be non-linear functions of the source vibration magnitude that could affect the biodynamic responses 41) , but few sets of data are available to determine their relationships.
Further experimental and modeling studies on the biodynamics of the system are also required to determine the relationships among the biodynamic force, transmitted acceleration, and biodynamic stress and deformation. As mentioned above, the use of vibration-induced stress, deformation, or power absorption density as a basis for deriving the biodynamics-based frequency weightings represents the best theoretical approach. Hence, the development of a practical and reliable method for quantifying these internal biodynamic response parameters is an interesting and useful research topic for future studies.
Finally, it should be emphasized that the proposed weighting factors presented in this paper are based solely on the overall biodynamic responses of the fingers-handarm system in the frequency domain. Biodynamics alone may not address every important factor that could influence the initiation and development of vibration-induced disorders and injuries. This may be a reason that the biodynamicsbased frequency weightings have some large differences from those derived from the other foundations. The determinations of the frequency weightings may need the combinations of the knowledge and results from all the four theoretical foundations. Nevertheless, the biodynamic responses represent a unique and important aspect of the vibration exposure. Although further study is required, this study demonstrated that the biodynamics can be used as an alternative tool for developing preliminary frequency weightings, and the results are encouraging.
Summary and Conclusions
This study examined the biodynamic foundation for assessing the risk associated with vibration exposure to the fingers-hand-arm system. A set of biodynamic methods were proposed to formulate the preliminary frequency weightings for assessing the risks associated with vibration exposures at different anatomical locations of the system. Specifically, the vibration transmissibility measured on the fingers, hand, wrist, elbow, shoulder, and head was used to define their respective transmitted acceleration-based (TAB) frequency weightings. The apparent mass measured at the fingers and the palm of the hand was used to construct the biodynamic force-based (BFB) weighting. Further studies are required to improve the proposed frequency weighting methods.
The results of this study suggest that the frequency weightings for the vibration-induced problems at different anatomical locations of the hand-arm system can be basically divided into three groups: (a) the weighting for the fingers and hand, (b) the weighting for the wrist, elbow, and shoulder, and (c) the weighting for the head. The ISO weighting is highly correlated with the weighting for the second group but not with the first and third groups. The TAB and BFB finger weightings are quite different at frequencies lower than 100 Hz, but they show similar trends at higher frequencies. Both TAB and BFB finger weightings at frequencies higher than 20 Hz are greater than the ISO weighting.
